Expanded CAG/CTG repeats underlie thirteen neurological disorders, including myotonic 23 dystrophy (DM1) and Huntington's disease (HD). Upon expansion, CAG/CTG repeat loci acquire 24 heterochromatic characteristics. This observation raises the hypothesis that repeat expansion 25 provokes changes to higher order chromatin folding and thereby affects both gene expression in 26 cis and the genetic instability of the repeat tract. Here we tested this hypothesis directly by 27 performing 4C sequencing at the DMPK and HTT loci from DM1 and HD patient-derived cells.
Introduction 37
The genome is organized into hierarchical topologically associated domains (TADs) (1) . This 38 three-dimensional organization of chromatin in the nucleus has a profound impact on 39 To determine chromatin conformation, we used 4C-seq (36, 37) because it maximizes resolution 100 at the loci of interest. This allows a high sensitivity to small changes in conformation that may be 125 126 Chromatin conformation is stable upon repeat expansion at the DMPK locus 127 Repeat expansion at the HTT locus is not known to be associated with significant changes in 128 histone marks and chromatin accessibility, which might cause changes in chromatin 129 conformation. To determine whether our findings applied in a case where chromatin structure is 130 altered around expanded CAG/CTG repeats, we studied four viewpoints in the DMPK gene. We The top blue bar represents the HTT gene and the triangles represent the location of both HTT viewpoints. The interaction profiles for the HTT_d85 viewpoint (85 kb downstream of the CAG repeat) can be found in Fig. S3. (C) 4Cseq chromatin interaction profiles (average of triplicate smoothed and normalized counts) from the ACTA1 viewpoint (central purple triangle). For panels B and C, high-interacting regions were called using 4C-ker and significant interactions were called using FourCSeq. Regions of differential interactions are marked with black bars below each 4C-seq track and labeled as "diff. int.". The top blue bar represents the ACTA1 gene.
used two DM1 patient-derived LCLs (GM06077 and GM04648, DM1-A and DM1-B respectively).
132
The DM1-A cell line harbored one expanded DMPK allele with 1,700 CTGs and the DM1-B cell 133 line, 1,000 CTGs ( Fig. 2A and S1B ). We found that DM1-A cells had increased CpG methylation 134 levels at two CTCF binding sites flanking the repeats (Fig. S4B) , with a concomitant loss of CTCF 135 binding at these sites (Fig. S4C) . In DM1-B cells we observed normal methylation levels at both 136 CTCF binding sites and slightly reduced CTCF binding ( Fig S4B) . Thus, DM1-A cells displayed 137 molecular signatures of congenital DM1 (40), whereas DM1-B cells have adult onset DM1 138 characteristics (Table S1) . 139 We performed 4C-seq on the unaffected and DM1 cell lines using four different 4C viewpoints at 140 distinct distances away from the DMPK CTG repeats ( Fig. 2A) . Replicates from the same cell 141 lines also showed good correlation in 4C fragment counts above 20 ( Fig. S2C-G) . Similar to the 142 HD scenario, we observed strikingly similar chromatin interaction profiles between unaffected and 143 DM1 samples for all four viewpoints in the DMPK region ( Fig. 2B, Fig. S5 ). As expected, the 144 ACTA1 viewpoint showed interaction profiles indistinguishable between unaffected and DM1 cell 145 lines ( Fig. 2C ). As with the HTT viewpoints, none of the DMPK or ACTA1 viewpoints in DM1 146 patient cells had significant interactions that were also called as regions of differential interaction Lack of allelic bias in chromatin interactions at expanded CAG/CTG repeats 155 DM1 and HD are both dominantly inherited disorders with individuals being heterozygous for the 156 expanded allele. Thus, one potential caveat in our data was that the presence of a normal-length 157 allele masks changes in 3D chromatin interactions made by the expanded allele. To evaluate this 158 possibility, we took advantage of the presence of at least one parental cell line for the DM1-A and 159 HD-B patient cell lines in our dataset ( Fig. 1A and 2A ) and identified allele-specific single 160 nucleotide polymorphisms (SNPs) in the 4C-seq data from these samples. We selected a subset 161 of the SNPs that could be assigned unambiguously to either the expanded or the normal allele 162 within 1 Mb of the 4C viewpoints (see methods). We reasoned that if chromatin contacts were 163 established without a systematic bias for either allele in DM1 and HD patient cells, the proportion 164 of 4C fragments in which the expanded chromosome had more reads than the normal-length one 165 would be close to 50%. We analyzed the sequencing coverage of the 4C data at these SNPs 166 positions and found that the viewpoints did not establish preferential contacts with a single 167 chromosome in neither the DM1-A nor HD-B patient cell lines ( Table 1 ). These results are 168 consistent with the conclusion that chromatin interactions at both disease loci do not show allelic 169 bias. Together, these results corroborate the conclusion that expanded CAG/CTG repeats do not 170 significantly alter the DNA interactions at two expanded CAG/CTG repeat loci. and TAIL PCR, we mapped the insertion site to the p-arm of chromosome 12, 1.2 Mb from the 182 telomere ( Fig 3A) . We performed 4C-seq in both cell lines with a viewpoint located 1 kb upstream 183 of the CAG repeats. The chromatin interaction profiles of this ectopic CAG locus were also very 184 similar between the 15 and 270 CAG repeat cells, with few regions of differential interactions 185 overlapping with those displaying significant interactions using 4Cker. By contrast, FourCSeq did 186 not detect any changes that were significant ( Fig. 3B ). We concluded that CAG repeats at an 187 ectopic site causes few changes to chromatin conformation. 188 Some studies suggest that transcription may help define topological domain boundaries (44-47).
189
To determine whether transcription through expanded CAG repeats could lead to changes in 190 chromosome conformation, we induced transcription by culturing the GFP(CAG)n cells with 191 doxycycline for five days. We observed that only 2 of 17 regions of differential interactions 192 overlapped fully or in part with high-interacting regions over a 2 Mb region using 4Cker. Here we showed that chromatin interactions remain stable at expanded CAG/CTG repeat loci.
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This was true for two disease loci and one transgene and in two different cell types. Our findings 201 are also supported by allele-specific analysis of 4C-seq interactions. Furthermore, CpG 202 methylation and CTCF binding at two sites flanking the CTG repeats of DMPK did not impact 203 chromosome conformation. This is especially relevant because CTCF is a key architectural 204 protein involved in the demarcation of TAD and sub-TAD boundaries (48). Additionally, when we 205 inserted a hemizygous transgene with CAG repeats, we found that expanded CAG repeats did 206 not induce a significant re-organization of the chromatin contacts established at this exogenous 207 CAG/CTG repeat locus. These results further show that an expanded CAG/CTG repeat tract is 208 not sufficient to change chromatin folding. 209 One possibility is that expanded CAG/CTG repeats lead to changes in chromatin conformation in 210 specific cell types that are especially vulnerable in DM1 or HD, for example cardiomyocytes or medium spiny neurons, but not in LCLs. However, that would complicate the hypothesis by adding 212 a requirement for a cell-type specific factors to mediate these changes. If such a factor exists, 213 our conclusion remains unaffectcted: that the expansion of CAG/CTG repeats is not enough to 214 effect changes in chromatin conformation. Repeat length determination and small-pool PCR 260 Genomic DNA was isolated from each LCL using the NucleoSpin Tissue kit (Macherey-Nagel).
261
PCR products containing the CTG repeats from DMPK were amplified with primers oVIN-1252 262 and oVIN-1251 (Table S3 ). PCR products with the CAG repeats from HTT were produced with 263 primers oVIN-1333 and oVIN-1334 (Table S3 ). For normal-length alleles, several PCRs were set 264 up with Mango Taq (Bioline) and the products were gel-extracted and Sanger-sequenced with the 265 same primers used for the amplification. For expanded alleles, small-pool PCR was performed 266 based on a previously described protocol (55). Briefly, the same primers were used for the The number of repeats reported here is an estimation of the modal number of repeats. Table S3 . Table S3 . Demultiplexing and mapping were performed using the BBCF HTSstation (57) according to (58).
319
The 4C fragments surrounding the viewpoints (±2.5 kb) were excluded from the rest of the 320 analysis. The demultiplexed reads were mapped to the human genome GRCh38 using bowtie2 321 (v 2.2) (59) . Fragment counts were obtained using FourCSeq (v1.18.0) (38). The number of 322 mapped reads for each sample is found in Table S2 . For plotting the data, fragment counts were 323 normalized (reads per million) and smoothed with a running mean (window size = 5 fragments).
324
The smoothed and normalized fragment counts were averaged among replicates of the same 4C 325 library samples and visualized with gFeatBrowser (http://www.gfeatbrowser.com). For the 326 FourCSeq analysis, we defined significant interactions as fragments with a z-score equal to or 327 greater than 1.96 and a false-discovery rate of 0.1, using the following parameters: minCount=20 The authors declare no competing interests. All sequencing data underlying this study will be shortly deposited in the SRA of NCBI. All data 543 presented here are available from the corresponding author. 
